Introduction
Tumor necrosis factor alpha (TNFα) is an important mediator of the inflammatory response to vascular injury (6, 18, 25) . In vitro, TNFα induces adhesion molecule expression, promotes monocyte cytokine release, and stimulates vascular smooth muscle cell (VSMC) proliferation (15, 24) . In vivo, TNFα has been causally linked to intimal hyperplasia (IH) in vein graft and low-shear stress models (3, 16) . TNFα exerts its downstream effects via activation of two cell surface receptors, TNFR1 (p55) and TNFR2 (p75) (10) . The p55 receptor transduces an array of proinflammatory signals resulting in adhesion molecule expression and monocyte/macrophage activation (4, 7, 13) . While signaling through p75 has been linked to Tlymphocyte proliferaton, it had no effect on cytokine or adhesion molecule expression (5, 11) .
Currently, the relative contribution of each receptor subtype to the development of IH is unknown.
TNFα activates the transcriptional regulator nuclear factor kappa-B (NFκB), subsequently promoting the expression of numerous proinflammatory genes. While both receptor subtypes may activate NFκB, the respective signaling pathways are distinct to each receptor and may vary with different cell types and conditions (8) . In addition, the net effect of NFκB activation may differ depending upon the particular receptor stimulated. In particular, p55-mediated activation of NFκB prevents cell death (9) . Failure to activate NFκB in p55-deficient mice was linked to endotoxin resistance (14) . While TNFα stimulation of p75 may result in NFκB activation in vitro (20) , the downstream effects are not well characterized. The influence of each TNF receptor to NFκB activation has not been previously evaluated in an in vivo model of vascular injury.
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We have previously demonstrated that TNFα deficiency results in attenuation of IH following murine carotid arterial injury (27) . Furthermore, arterial injury in TNF-deficient mice was associated with decreased expression of NFκB mRNA, NFκB protein, basic fibroblastic growth factor, and monocyte chemotactic factor-1. The purpose of the present study was to extend these observations and to determine the relative contribution of each TNFα receptor subtype (p55 and p75) in the inflammatory response to vascular injury and IH.
Methods

Murine model of carotid injury.
This study utilized 8 week old, 25-30g, male wild type (WT) C57BL/6J, TNF p55-deficient (p55 -/-) mice (strain: B6.129-Tnfrsf1a tm1Mak , Jackson Laboratory, Bar Harbor, ME), and TNF p75-deficient (p75 -/-) mice (strain: B6.129-Tnfrsf1b tm1Mwm , Jackson Laboratory). Both receptor deficient groups (p55-/-and p75 -/-) have been backcrossed onto the C57BL/6J strain (2, 14) . All experimental protocols were approved by the University of Colorado Animal Review
Committee. General anesthesia was administered (ketamine 80mg/kg, Fort Dodge Laboratories, Fort Dodge, IA and xylazine 20mg/kg, Phoenix Pharmaceutical, Inc., St. Joseph, MO) via intraperitoneal injection. Murine common carotid injury was performed as previously described (27) . Euthanasia was performed according to the guidelines set forth by the American Veterinary Medical Association Panel on Euthanasia, with general anesthesia and pentobarbital sodium (100mg/kg). For morphometric analysis, animals were sacrificed at 28 days and received an intracardiac injection of 500µl of heparinized saline followed by 4% paraformaldehyde. As transcription factor expression and activation occurs much earlier than the resultant morphologic changes, animals to be interrogated for NFκB were euthanized at 3 days. Animal care was provided by the University of Colorado animal facility. Sections stained for muscle-specific actin were treated as previously described (23).
Briefly, at twenty-eight days paraffin-embedded samples were deparaffinized with xylene and PBS washes. After proteolysis with pronase (Sigma Chemical, St. Louis, MO), samples were incubated with muscle-specific actin primary polyclonal antibody (Enzo Diagnostics, Farmingdale, NY) for 10 minutes. After PBS washings, secondary incubation was performed with the peroxidase-antiperoxidase technique.
Immunohistochemistry.
Three days following injury, bilateral common carotid arteries were isolated and removed. The right common carotid arteries were examined as uninjured contralateral controls.
All tissue was immediately preserved in Tissue Freezing Medium (Triangle Biomedical
Sciences, Durham, N.C.). Slides were fixed in 70% acetone/30% methanol solution for 10 minutes. After air-drying, slides were washed 3 times in phosphate buffered saline (PBS) for 10
minutes. Specimens were blocked with 10% goat serum for one hour at room temperature followed by incubation at 4°C overnight with rabbit anti-mouse NFκB p65 polyclonal IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Following PBS wash in triplicate, sections were incubated for one hour in the dark at room temperature in Cy3-labeled goat anti-rabbit IgG.
Negative controls were run in parallel with all sections by substituting a non-specific rabbit antimouse antibody. Cell wall glycoproteins and nuclei were respectively stained with alexa-green wheat germ agglutinin (WGA)-488 (Molecular Probes, Eugene, OR) and bis-benzimide (Sigma Chemical). Fluorescent images were evaluated and photographed with appropriate filter cubes using an automated Leica DMRXA confocal microscope with full software control (Intelligent Image Innovations).
Reverse transcriptase-quantitative PCR (RT-PCR).
Three days following injury, RT-PCR was performed on individual arterial samples as previously described (27) . Briefly, total RNA was isolated using a mRNA isolation kit (Ambion Inc., Austin, TX) followed by DNAse treatment. The primers for NFκB p65 subunit were as follows: forward primer -AGATCTTCTTGCTGTGCGACAA; reverse primer -GTGCCTCCCAGCCTGGT. By using an mRNA 18S target probe as an internal control, the relative number of amplified target DNA copies was calculated. Data is expressed as a relative fold increase of mRNA in the injured arteries versus contralateral controls.
Nuclear factor kappa-B ELISA.
A transcription factor assay was used to investigate NFκB p65 subunit activity in individual arterial specimens as previously described (27) . This assay is based on the specific
binding of the active form of NFκB from tissue extract to an NFκB consensus site oligonucleotide attached to the plate and has been shown to be 10-fold more sensitive than electrophoretic mobility shift assay (EMSA) (17) .
Carotid specimens from WT, p55 -/-, and p75 -/-mice were skeletonized, harvested bilaterally, and fixed at -70°C. The tissue was diced into small pieces with a cooled razor blade and placed in lysis buffer. A mechanical homogenizer was then applied for 30 seconds, maintaining a temperature of 4°C. Samples were incubated on ice for 30 minutes and centrifuged at 10,000g for 10 minutes. Supernatants were transferred to separate tubes and recentrifuged.
Tissue protein content was measured via the Coomassie protein assay (Pierce, Rockford, Ill).
Twenty µg of total protein was loaded to each well and assayed according to the manufacturer's directions (Active Motif, Carlsbad, CA) Positive controls for NFκB p65 subunit were provided from cellular extract previously evaluated by both ELISA and EMSA. To enhance the sensitivity of the assay, both wild type and mutated consensus oligonucleotides were employed in each reaction. Quantification of the NFκB p65 subunit was expressed in mean absorbance (λ) per arterial sample.
Statistical analysis.
Data are presented as the mean ± SEM. Analysis of variance (ANOVA) with BonferroniDunn post hoc analysis was used to analyze differences between experimental groups. Statistical significance was accepted within 95% confidence limits.
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Results
TNF receptors and IH.
The effects of vascular injury were examined in WT, p55 -/-, and p75 -/-mice.
Qualitatively, animals deficient in the p55 receptor had less hyperplasia than WT and p75 -/-mice ( Figure 1) . Quantitatively, the intimal area of the WT (n=6) injured vessels was greater than that of the non-injured vessels (18.6 ± 2.3 x10 3 µm 2 versus 0.7 ± 0.2 x10 3 µm 2 , p<0.05) ( Figure   2 In order to verify that these differences were exclusively related to intimal changes, we also measured medial areas and calculated intimal-to-medial ratios. There were no differences in medial areas between injured groups. Furthermore, intimal-to-medial ratios support exclusive intimal proliferation. The WT injured vessels demonstrated a two-fold increase in the intimal-tomedial ratio compared to the injured p55 -/-vessels (1.55 ± 0.2 versus 0.8 ± 0.07, p<0.05).
We have previously implicated the importance of TNF-signaling to VSMC proliferation.
As such, we wished to characterize the influence of TNF and its receptors on VSMC expression in vivo. Indeed, we observed that uninjured control samples stained positive for muscle cellspecific actin in the tunica media ( Figure 3 ). The neointima of both WT and TNF p55 -/-mice stained heavily for muscle-specific actin.
p55 receptor and NFκB.
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We utilized several methods to characterize the influence of the p55 receptor on NFκB activation. As shown in figure 4A , seventy-two hours following injury NFκB mRNA in the injured WT (n=3) was 5.5-fold higher than contralateral control and p55 -/-animals (n=3, p<0.05). Immunohistochemically, NFκB was identified in the intima and media of both WT and p55 -/-animals ( figure 4B ). Mean integrated Cy3-intensity/vessel area (µm 2 ) of the injured WT demonstrated a two-fold increase versus the injured p55-/-sections. Intranuclear signal could be identified at the site of injury. Results were consistent across multiple sections in 3 separate animals.
We next measured unbound NFκB p65 subunit protein in individual arteries (figure 4C).
WT (n=3) ± 0.55 versus 3.1 ± 0.65). To monitor the specificity of the assay, both a WT and mutated p65-specific consensus oligonucleotide were used. When added to the reaction, the wild type oligonucleotide consistently prevented p65 binding to the plate and resulted in zero absorbance at 450 nm. Mutated consensus oligonucleotide had no effect.
Discussion
The p55 receptor subtype promotes expression of cytokines and adhesion molecules, as well as stimulates cell proliferation (11) . Early observations suggested that the p55 receptor was the primary mediator of nonspecific immune responses as p55-deficient mice were resistant to lethal doses of lipopolysaccharide (19) . Conversely, despite this link between p55 and Zimmerman (00434-2002)-10 inflammation, Tartaglia and colleagues observed that the p55 receptor protected against the cytotoxic effects of TNFα in vitro (26) .
To our knowledge, only two studies have explored the role of the p55 receptor following vascular injury in vivo. Schreyer and colleagues observed accelerated atherosclerosis in p55 -/-mice fed an atherogenic diet despite no difference in plasma lipid levels compared to WT. They concluded that p55 has a protective role against fatty-streak formation (21) . A follow-up study utilizing the same atherogenic model reported that mice deficient in either TNFα or the p75 receptor demonstrated no difference in atherosclerotic lesion development compared to controls (22) . Similarly, no differences were noted in either plasma cholesterol or lipid fractions between experimental groups. Thus, these investigators concluded that the p55 receptor was instrumental in transmitting anti-atherogenic signals.
Our data suggest an alternative role of the p55 receptor following vascular injury. In the current study, mice lacking p55 demonstrated a markedly attenuated hyperplastic response compared to wild type mice. This is contrary to the p55-mediated protective effect reported in the hyperlipidemic model. Similar to previous studies, however, we observed no difference in either lesion morphology or intimal area in the p75 -/-animals compared to control.
Several reasons might explain our conflicting data. Compared to the data from Schreyer and colleagues, we noted that IH is attenuated in both p55 and TNFα-deficient mice (21, 27) .
Hyperlipidemia and direct mechanical injury are two pathologically distinct insults. Pure mechanical injury does not address issues specific to lipid metabolism and plaque development.
Additionally, rodent models of hyperlipidemia are devoid of VSMC proliferation and migration 
